Context. In 2009, the Sun and the Earth passed through the equatorial plane of Jupiter and therefore the orbital planes of its main satellites. It was the equinox on Jupiter. This occurrence made mutual occultations and eclipses between the satellites possible. Experience has shown that the observations of such events provide accurate astrometric data able to bring new information on the dynamics of the Galilean satellites. Observations are made under the form of photometric measurements, but need to be made through the organization of a worldwide observation campaign maximizing the number and the quality of the data obtained. Aims. This work focuses on processing the complete database of photometric observations of the mutual occultations and eclipses of the Galilean satellites of Jupiter made during the international campaign in 2009. The final goal is to derive new accurate astrometric data. Methods. We used an accurate photometric model of mutual events adequate with the accuracy of the observation. Our original method was applied to derive astrometric data from photometric observations of mutual occultations and eclipses of the Galilean satellites of Jupiter. Results. We processed the 457 lightcurves obtained during the international campaign of photometric observations of the Galilean satellites of Jupiter in 2009. Compared with the theory, for successful observations, the r.m.s. of O-C residuals are equal to 45.8 mas and 81.1 mas in right ascension and declination, respectively; the mean O-C residuals are equal to -2 mas and -9 mas in right ascension and declination, respectively, for mutual occultations; and -6 mas and +1 mas in right ascension and declination, respectively, for mutual eclipses.
Introduction
Photometric observations of mutual occultations and eclipses of natural satellites of planets offer an efficient source of new astrometric data. We took the opportunity of the 2009 occurrence to organize a worldwide observational campaign that allowed us to gather very accurate astrometric observations. We report in this paper the results of the campaign under the form of photometric and astrometric data.
The mutual events
The Earth and the Sun cross the equatorial plane of Jupiter every six years at the time of the Jovian equinox. The Jovian declinations of the Earth and the Sun then become zero and, since the J. P. Rousselle died in 2009. orbital plane of the Galilean satellites is close to the equatorial plane of Jupiter, the satellites occult and eclipse each other.
The 2009 period was favorable because the equatorial plane crossing occurred near the opposition of Jupiter and the Sun making the observations easier. Arlot (2008) compiled predictions of all 2009 events using the G5 ephemerides based on Lieske's theory (Lieske 1977) and the newer L1 ephemerides from Lainey et al. (2004a,b) for the motion of the Galilean satellites; 370 observable mutual events were computed. Before 2009, several observational campaigns were completed during previous occurrences (Arlot 1992 (Arlot , 1997 (Arlot , 2006 . Table 1 presents the results derived for each campaign up to the present campaign. Our goal was to observe as many events as possible. At least two observations of each event were desirable to eliminate any biases in the present observations. A&A 572, A120 (2014) Since no thick atmosphere surrounds any of the Galilean satellites, the photometric observations of these phenomena are extremely accurate for astrometric purposes. The results previously obtained after similar observations of the Galilean satellites demonstrated that high astrometric accuracy could be achieved; an accuracy higher than 30 mas was expected (Lainey et al. 2004b ).
This accuracy allowed us to provide the data necessary to improve the theoretical models of the orbital motions and to determine the tidal effects in the dynamics of the Galilean satellites through the measurement of a shift in longitude of the satellites, signature of an acceleration in their motions.
The PHEMU09 campaign
We coordinated an international PHEMU09 campaign to acquire a significant number of events. These events occurred in a short period of time, so numerous observers located in several sites were necessary to help avoiding meteorological problems and to observe different events from different longitudes. This is why observers previously involved in PHEMU observational campaigns of mutual events of the Galilean satellites were invited to join the new campaign.
The observational data of the international campaign PHEMU09 were provided from different sources and were processed in three different ways.
Source R: the photometric observations of mutual occultations and eclipses of the Galilean satellites of Jupiter in 2009 were made in five observatories in Russia. The 89 lightcurves were processed with the procedure explained in the present paper. A description of this series of observations and obtained astrometric results was published in Emelyanov et al. (2011) .
Source B: a series of observations was made in the observatory of Itajuba, Brazil. The 30 lightcurves were provided to the Institut de Mécanique Céleste et de Calcul des Éphémérides (IMCCE). We processed these photometric results with the procedure described here and present the obtained photometric and astrometric data. We note that 25 out of 30 of these lightcurves were processed by an original method and published by Dias-Oliveira et al. (2013) . The astrometric results are slightly different from ours.
Source A: other numerous observations were made in several sites around the world. The results were provided to IMCCE. This series of data includes 384 lightcurves. From 338 of them astrometric results were successfully obtained; 46 other lightcurves yielded no astrometric results for the reasons listed below.
For this campaign, 370 events were observable, 172 different events were successfully observed. In total 457 lightcurves were successfully obtained and reduced.
Detectors
When observing mutual events, only relative photometry can generally be completed. Since the elevation of Jupiter above the horizon may be small, the air mass is often too high and absolute photometry is then impossible. Telescopes were equipped with the detectors listed in the tables. Two kinds of detectors were used, the video cameras (Table 2) providing movies and the two-dimensional CCD detectors (Table 3) providing series of images. Visual observations and observations using single channel photoelectric photometers are no longer performed. The codes for the detectors used are given in Tables 4 for each 
Observation sites
Coordinated by the Institut de Mécanique Céleste et de Calcul des Éphémérides (IMCCE), this campaign included 74 observation sites (81 different telescopes). The different locations are given in Tables 4. These tables give the codes, locations, and telescopes used (T means reflector, L refractor, SCT Schmidt-Cassegrain-telescope, MCT Maksutov-Cassegrain telescope) followed by the aperture in cm, and longitudes, latitudes, and altitudes of the observational sites. The observation codes (Obs. codes) are also given in Tables 5 and 6 which provide the data for each observation. The column labelled O gives the number of observations received from the observers, R the number of observations from which the astrometric results were obtained, N the number of observations where the light curves show no events, L the number of observations with incorrect data or missing metadata.
Lightcurve reduction procedure
Lightcurves are the results of a series of successive images. Such a series may have different forms: a simple analogic or numeric video movie or a set of images of successive fits files. In both cases, each image is dated in Universal Time or in a time scale linked to Universal Time with an accuracy better than 0.1 s.
The photometry of each image had to be made with care even if we were doing relative photometry not absolute. In order to perform relative photometry, each recording of an event must have either two objects on each image (the occulted or eclipsed satellite with another reference satellite) or a reference taken before and after the event if only the satellites involved in the event are present on each image. The reference is necessary and its flux should be constant during the event. If not, it is due to the passage of light clouds. Then, the reference will be used to rebuild the fluxes by dividing event flux/reference flux. At any time this ratio is dependent on any variation of the global received light flux. In addition, the background light had to be removed especially for observations made during twilight when it varies rapidly.
Then, the light reflected by the satellites has to be measured on each image. It is necessary to tell if the measured light corresponds to one or two satellites (and sometimes three if the satellites are too close together) and a file is built providing for each image a series of data as follows: the dates in UTC and the light fluxes of the satellites involved in the event followed when possible by the light from a reference object and the light from the background. These files are provided by the observers but it is not these files which are provided in our database rather the files described in Sect. 6.1 1 . Figures 1 to 5 show examples of lightcurves. We note that the determination of the light flux on each image may be made either through a Gaussian fit of the object or an aperture photometry integrating all the light in a specific area with the careful elimination of the light from the sky background.
Extracting astrometric data from the photometry of satellites during the mutual occultations and eclipses
We use our original method to derive positional and astrometric data from the measurements of satellite fluxes during their mutual occultations and eclipses (see Emelyanov 2000; Emel'yanov 2003; Emelyanov & Gilbert 2006) , for a description of the method, also used in Emelyanov (2009) and Emelyanov & Vashkovyak (2009) . We adopt Hapke's light scattering law in our solution (Hapke 1981 (Hapke , 1984 . His scattering function depends on five parameters, which are constant for a given satellite and spectral band. McEwen et al. (1988) give the Hapke parameters for the rough surface of the Io satellite, whereas Domingue & Verbiscer (1997) refined the Hapke function for rough surfaces and, in particular, for the other three Galilean satellites. Given that most of the observations of the Galilean satellites were made with the V filter, or with no filter at all, we adopt the set of parameters from Domingue & Verbiscer (1997) for the 0.55 µm spectral band. During the event, almost half of the leading and half of the trailing hemisphere of each satellite were viewed from the Earth, and we therefore use the mean values for the corresponding parameters. We allow for solar limb darkening as described by Emel'yanov (2003) and Emelyanov & Gilbert (2006) , and use tables from Makarova et al. (1998) to this end. In our solution, we use the dependence of the magnitudes of the Galilean satellites on the angle of rotation based on the ground-based photometry by Morrison & Morrison (1977) . Some revision of this dependence was adopted for Ganymede and Callisto using observations made by Prokof'eva-Mikhailovskaya et al. (2010) .
The main idea of our method consists in modelling the deviation of the observed relative satellite motion from the theoretical motion provided by the relevant ephemeris, rather than analysing the apparent relative motion of one satellite with respect to the other.
The measured flux E(t) during an event at time t can be expressed by
where X(t) and Y(t) are the projections of the differences of planetocentric Cartesian coordinates of the two satellites onto the tangent plane of the event. In the case of mutual occultations, this plane coincides with the plane passing through the occulted satellite perpendicular to the line of sight of the observer. In the case of a mutual eclipse, the plane of the event passes through the eclipsed satellite perpendicular to the line connecting the satellite with the center of the Sun. The coordinate origin is placed at the center of the passive (occulted or eclipsed) satellite. The occulting or eclipsing satellite is referred to as the active satellite. The function S (X(t), Y(t)) describes the model of the phenomenon. In a general case we have where G (a) is the light flux from the occulting or eclipsing satellite and G (p) (X(t), Y(t)) is the light flux from the occulted or eclipsed one. Here t is an instant in time during the event and t 1 denotes the instant immediately before the start of the event. In the case of mutual eclipse when the light flux from eclipsed satellite only is measured G (a) = 0. In our calculations we partition the surface of the eclipsed or occulted satellite into finite elements. For each element the flux received is calculated separately according to the assumed photometric model. We compute the total luminous flux from the surface of the satellite as the sum of the fluxes from all partition elements. It is evident that S (X(t), Y(t)) = 1 off event. The parameter K is a scale factor for the flux drop during the event and it is equal to the total flux measured outside the event. We refer to the part of the photometric count that is not due to the satellite flux as the background and denote it as P.
Theories of the motion of planets and satellites can be used to compute the theoretical values of functions X(t), Y(t), i.e., X th (t i ), Y th (t i ) at times t i (i = 1, 2, ..., m) for each photometric measurement. Here m is the number of photometric counts during a single event. The actual values of X(t i ), Y(t i ) differ from X th (t i ), Y th (t i ) by the corrections D x , D y .
Our method consists in solving conditional equations
for constants D x , D y , K, and P. Here E i is the photometric count made at time t i . We linearize conditional equations with respect to the parameters D x , D y and then solve them using the leastsquares method.
In our final solution we use the theory of the motion of the Galilean satellites developed by Lainey et al. (2009) Modern data fitting procedures can use the X, Y coordinates directly. Given that in published results of observations there are differences of the topocentric angular coordinates X , Y , we prefer to present our final results in these coordinates as well. We note that in the cases of mutual eclipses angular coordinates are heliocentric.
Given the topocentric or heliocentric distance R of the passive satellite one can compute X , Y from X, Y using precise equations. In the cases of ground-based observations of the mutual events of natural satellites approximate relations
can be used, which are accurate for these observations to 0.00001 arcsec. In a similar way we designate by D x , D y the angular values corresponding to the corrections D x , D y . In the case where the same event was observed at two observatories the time instants t * may differ because of observational errors and hence the differences between the coordinates X(t * ), Y(t * ) obtained at two observatories cannot be viewed as bias indicators. The quantities D x , D y characterize the agreement between theory and observations. These quantities can be used to compare the results of observations made at different observatories. The errors σ x and σ y of the derived parameters X (t * ), Y (t * ) characterize the internal accuracy of photometry estimated via the least-squares method.
After computing the D x , D y values we determine the minimum value S min of the normalized flux S (X th (t)+D x , Y th (t)+D y ) based on observations. The maximum flux drop during the event is then equal to 1 − S min . In certain cases, where the corrections D x , D y could not be reliably determined, we converted the coordinates X, Y into the coordinates connected with the apparent trajectory of the relative satellite motion. Once determined in this coordinate system, the corrections were converted into the D x , D y values.
The occulting satellite may pass above or below the occulted satellite at the same distance from the latter producing the same dips in the total flux. Thus, any observed lightcurve of the satellites has two solutions for the corresponding coordinate differences of apparent coordinates of satellites. For each observation the minimum values of D x , D y was a factor taken into account when choosing between the two solutions. Most of our astrometric results come from processing the mutual event observations where both corrections D x , D y could be obtained.
In the case where the apparent disc of one of the satellites overlaps fully with that of the other satellite, the solution becomes uncertain in one of the relative coordinates. Similar effects also occur in the case of mutual eclipses of satellites. In such cases observations yield only the correction to the position A120, page 4 of 9 of the satellite along the trajectory of its relative motion. As a result, only position angle A defined with the equation tan A = X Y can be determined for a certain time instant (t * ) near the time of minimum apparent distance between the satellites. The data obtained in such cases form a separate section of our astrometric results.
In our final solution for astrometric coordinates we assume that the effect of the background on the result of photometric measurements is already eliminated by the observers and therefore we set P = 0. 6. The catalogue
The data
The catalogue of the data gathered after the observation campaign of the mutual events of the Galilean satellites is provided under the form of 457 files (one for each observation) containing a series of photometric measurements: the lightcurve obtained from the photometry of the mutual event calibrated using the flux scale coefficient K obtained after the fit of the parameters on the observations, so that the measured flux must be equal to 1 when no event occurs and to 0 if no light is received from the observed objects (if only the flux from the eclipsed satellite is measured and if this satellite has disappeared). The calibrated value of the measured flux is supplied with the theoretical value of the flux obtained after the fit of the parameters to the observation. On each line of the file, we provide three numbers as follows: first the time in minutes counted from 0 h (UTC) of the day of the event; second, the calibrated value of the observed measured flux (the value E i /K, see the Eq. (2)), and third, the light flux modelled after the fit of the parameters on the observation as explained above (the value S (X th (
The catalogue also contains a file of relative astrometric positions of the two satellites involved in each mutual event (one line per event) as described in the Sect. 6.2 and in Tables 5 and 6 . The lightcurves and the astrometric results are available for anyone interested from the electronic database of the Natural Satellite Data Center (NSDC) server 2 .
Astrometric results
We subdivide our final astrometric results into two sections. The first section includes the results obtained from the observations where two coordinates X (t * ), Y (t * ) could be successfully determined. The second section contains the results obtained in the cases where only the position angle could be determined.
In the first section each final result of the observation of a single mutual phenomenon at a given observatory is presented by the following fields: the date, the type of the phenomenon (eclipse or occultation) including the satellite numbers, the observatory code, the time instant t * in the UTC scale, X (t * ), Y (t * ), σ x , σ y , D x , and D y . The type of phenomenon is coded as n a on p or n a en p for a mutual occultation or eclipse, respectively. Here n a is the number of the occulting or eclipsing satellite and n p is the number of the occulted or eclipsed satellite. We give the results in the form of the angular separation s (in arcseconds) and position angle A (in degrees) corresponding to X (t * ), Y (t * ). The angular separation s is determined by the equation We also give the minimum level S min of normalized flux. We assign flag Q to each observation in order to indicate the quality and the reliability of the result. Flag Q may have acquired one of the following four values: 0 for normally determined coordinates, 1 for the cases doubtful photometric data, 2 for results following from low-quality photometry, and 3 for results very different from those from other observatories. Right ascensions and declinations are measured in the international celestial reference frame (ICRF). All angular quantities are in arcseconds.
In the case of a mutual occultation, t * is the time of topocentric observation of satellites. In the case of mutual eclipse, t * is the time of topocentric observation of the eclipsed satellite. The quantities σ x and σ y can be interpreted as internal errors of ∆α cos δ p and ∆δ, respectively, and D x , D y are the residuals with respect to the theory of Lainey et al. (2009) . Table 5 gives a fragment of the first section of astrometric results.
The data in the second section are given by the following set of fields: the date, the type of the phenomenon (eclipse or occultation) including the satellite numbers, the observatory code, the time instant t * in the UTC scale, the position angle A, the precision σ along of the apparent position along the apparent relative trajectory of the satellite as obtained with the leastsquares method. Differences in the apparent relative position of the satellites along the apparent relative trajectory obtained from observation and determined from the theory of Lainey et al. (2009) are given in the column (O-C) along . In addition, a sign R is assigned showing the reason why only one coordinate was determined: 0 for a total mutual eclipse or occultation observed, 1 for the results following from low-quality photometry. In these cases the apparent relative position of the satellite measured across the apparent trajectory cannot be determined accurately enough and therefore position angles can be determined only up to ±180
• (A ± 180
• ). Table 6 gives a fragment of the second section of the astrometric results. 
Estimation of the accuracy of the derived astrometric results
The following estimates of the accuracy of the derived astrometric results were made. The least-squares method yields standard errors σ x , σ y for the parameters D x , D y derived from the observed lightcurves. These errors are due to random errors of photometry and characterize the internal accuracy of astrometric results. We have calculated the r.m.s. values of these estimates for the 365 best astrometric results taken from Table 5 with Q = 0 (some 15 observations with Q > 0 were also excluded). These estimates are listed in Table 7 Therefore we have also calculated the total r.m.s. of all D x and D y computed over the 365 best observations mentioned above. These estimates are given in Table 7 as r.m.s. of O-C.
Conclusions
We reduced the entire database of photometric observations of the mutual occultations and eclipses of the Galilean satellites of Jupiter made during the international campaign in 2009 to determine the topocentric or heliocentric angular differences for satellite pairs at 457 time instants on the time interval from April 17, 2009 to December 24, 2009 The standard errors of the relative satellite coordinates due to the random errors of the photometry are equal to 18.4 mas and 15.6 mas in right ascension and declination, respectively. For successful observations, the r.m.s. of O-C residuals with respect to the theory by Lainey et al. (2009) are equal to 45.8 mas and 81.1 mas in right ascension and declination, respectively, and the mean O-C residuals are equal to -2 mas and -9 mas in right ascension and declination, respectively, for mutual occultations and -6 mas and +1 mas in right ascension and declination, respectively, for mutual eclipses. For 23 observations only the position angle was derived.
We now look forward to observing the next mutual events: the occurrence will take place from September 2014 to July 2015. The occurrence will be very favorable since the maximum of events will occur at the opposition of Jupiter with the Sun. Contrary to the 2009 occurrence that was more favorable for the southern hemisphere (Jupiter had a delination equal to -10 degrees), the 2014-15 occurrence will be more favorable for the northern hemisphere (Jupiter will have a declination equal to +20 degrees). The site of the campaign is available at the address: http://www.imcce.fr/phemu/.
Ephemerides of the mutual eclipses and occultations of the Galilean satellites of Jupiter in 2014-2015 with local observational conditions is available at the address: http://www. imcce.fr/hosted_sites/saimirror/nsszph515he.htm.
